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Abstract 
CO 2 capture and sto rage in deep saline aquifers or depleted gas and oil reservoirs  offer is one  option for reducing greenhouse gas 
emissions. Our study aims at investigating the environmental impact of CO 2 leakage from deep reservoirs into near-surface 
terrestrial environmen ts. To understand the effect of unlikely, but potential CO 2 release on such an ecosystem, detailed 
knowledge on the abundance and diversity of plants and microorganisms is essential. Therefore, an ecosystem study has been 
conducted within the N etwork of Excellence “ CO 2GeoNet” on a natural CO2 vent at the Laacher See, Germany. The 
investigation of environmentally important microbial communities in the soil samples show ed significant differences between the 
CO 2-rich (>90 % of soil gas) , the  medium CO 2 (20%) , and the control site with background CO 2 concentrations. The ecosystem 
appears to have adapted to the different conditions through species substitution or adaptation, showing a shift towards anaerobic 
and acidophilic species under elevated CO 2 con centrations. At the end, this study should identify possible candidates in the 
botanical and microbial kingdoms, whose presence or absence provide easily detectable indicators for the leakage of CO 2 fro m 
deep reservoirs into near-surface terrestrial ecosystems. 
© 2008 Elsevier Ltd . All rights reserved  
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1. Introduction 
The recently released fourth IPCC report on global warming [1] states once again that the rise in average global 
temperatures observed over the last century is likely due to the release of anthropogenic greenhouse gases. 
Consequently, it is clear that large -scale solutions are needed immediately which have the potential to quickly 
reduce emissions  of  greenhous e gases. CO2 capture and storage in deep saline aquifers or depleted gas and oil 
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reservoirs  offer a new option for reducing greenhouse gas emissions  in large quantities . To proceed with the large-
scale deployment of this technique, a well -developed regulatory environm ent has to be put in place, and 
governments as well as the public have to be well informed and convinced that all potential risks have been studied 
and are sufficiently small.  For this, it is important to assess the potential risks ass ociated with the unlikely leakage of 
significant volumes of CO2 from the reservoir into the near surface environment  [2,3]. Although several studies have 
been published re garding the effect of increased atmospheric CO2 concentrations on ecosystems [4], there are only 
very few that have examined the effects of increasing CO2 concentrations in the soil horizon due to upwardly 
migrating gas. These includes a detailed study of a terrestrial CO 2 vent at Latera, Italy, [5], of Mammoth Mountain 
(California, USA) for the influence of volcanic CO 2 on soil chemistry and mineralogy [6] and of Stavesinci (NE 
Slovenia) for the influence of high soil -gas concentrations of geothermal CO 2 on plants [7,8]. 
In order to address some of theses issues , this study investigates the environmental impact of CO2 leakage from deep 
reservoirs on near-surface terrestrial environments . Particularly  the effect of CO2 leakage on the abundance and 
diversity of plants and microorganisms  is investigated in  an ecosystem study within the NoE “CO 2GeoNet” at a 
natural CO2 leak at the Laacher See, Germany.  
The Laacher See volcanic centre  is located in the core of the East Eifel volcanic field , and comprises  of about 100 
eruptive centres that cover an area of approximately 330 km² . The East Eifel volcanic field is located west of the 
Rhine River in the still uplifting Paleozoic Rhenish Massif. The Laacher See eruption is the only known large 
explosive eruption that took place in central Europe during late Quaternary time (~12,900-12,880 yrs BP; e.g. [9]). 
The Laacher See volcanic centre  is morphologically characteriz ed by a basin filled by a lake (Laacher See), with 3,3 
km² area, surrounded by a steep ringwall rising 90 to 240 m above the basin. The ringwall is made up by 
basanitic/tephriti c cinder cones and the tephra deposits of the Laacher See eruption. The internal structure of the 
Laacher See basin is dominated by a northeast -southwest striking thrust.  CO2 is produced below this extinct 
volcanic caldera. It emerges from degassings of the upper ear th mantle and migrates along faults and fractures to the 
surface. Release to the atmosphere typically occurs from gas vents, characterised by a small core of elevated gas 
flux.  
One defined gas vent was chosen for this study, located in a naturally-vegetat ed pasture field  (Figure 1) . The vent is 
situated in an area which became dry land  very recently. As a consequence of two tunnel constructions in 1164 and 
1844, the water level of the lake was artificially lowered by about 10 plus 5m. The terrestrial development of the 
studied site  is therefore very young, and organic material from former lake deposits are still to be found in deepest 
soil horizons.  Th e vent is clearly visible due to a 5m wide core of exposed soil surrounded by an approximat ely 40m 
wide are a of variably -impacted vegetation. Surveys were conducted in September 2007 along a 50m long transect 
across the vent, providing a spectrum of CO2 flux rates, soil gas concentrations and compositions. Work involved 
soil gas and CO2 flux measurements  [10] . At the same time a botanical survey was conducted, and samples were 
collected for microbiological, mineralogical, and geochemical measurements.  
Results & Discussion  
Gas Monitoring and soil chemistry 
 
The survey on near surface CO 2 characteristics was condu cted on different levels and scales [ 10]. The techniques 
used are potential methods for the near ground monitoring of geological CO 2 storage sites. First, a rapid surveying 
of the whole study area was undertaken by means of a newly developed, mobile open path laser system which was 
mounted 30 cm above the ground on a quad bike. Its deployment detected already known CO 2 vents, and confirmed 
and discovered suspicious or unknown degassing sites. Afterwards, the strongest vent was intensively investigated 
with conventional soil gas concentration and flux measurement equipment: Steel probes and handheld infrared gas 
sensors for soil CO2 concentration, and accumulation chambers for the CO 2 flux quantifications. The results o f a 
travers from North to South are repr esented in Figure 1. Peak values of CO 2 concentrations and fluxes are to be 
found in the centre of the vent around 35 m, where the concentration is at more than 90 Vol% in 60 cm depth. From 
there, both the concentration and the flux decrease rapidly, whereby the progression of the parameters is perfectly 
correlated (r2=0.95). In less than 15 m from the centre of the vent CO2 concentrations and fluxes dropped back to 
background values. This shows the limited size of natural CO 2 vents.  
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Figure 1: Sketch of the investigated CO 2 vent close to the western shore of lake Laacher See. CO 2 concentrations 
and fluxes along a N -S-travers are indicated.  
 
In terms of bulk mineralogical compositions and soil chemistry, the analysed samples from the centre of the vent (3 5 
m) and the control site (55 m) were relatively similar in the top 70 centimetres (data not shown). Going deeper into 
the soil, below 80 cm a small but signifcant change in the soil pH was observed (Figure 2), which might influence 
the activity and composition of the microbial communities, as well as the soil mineralogy.  
 
 
 
 
Figure 2 : Acidity of two sediment cores (circles pH-values), red - area of highest CO 2-seepage; green – background 
site. Black line shows the rock base; blue line the top of the water  table.  
 
M. Kru¨ger et al. / Energy Procedia 1 (2009) 1933–1939 1935
4 Author name / Energy  Procedia 00 ( 2008) 000–000 
 
Botanical investigation 
 
A botanical survey was conducted along the entire length of the transect, visually defining the percentage cover of 
identified plant groups at 0.5 m intervals using a 0.5 m x 0.5 m quadrat. Field flora books were used to identify 
plants [11,12] and digital photographs were taken of each quadrat for a complete visual record. The botanical survey 
of the transect showed that CO2 soil gas concentrations influence vegetation type with grasses predominating below 
20% CO 2. Above this concentration two predominant dicotyledonous plant species were observed and could be used 
as bioindicators of high CO2 soil gas.  
 
The results of the botanical survey are summarised in Fig ure 3  showing the percentage coverage for total grass 
(monocotyledonous plants), Polygonatum arenastrum and ‘other’ dicotyledonous plants. P. arenastrum is only 
observed between 25 and 50 m along the transect where CO 2 concentrations are between ~10 – 35% at 15 cm depth 
and ~35 – 90% at 60 cm depth.  Where concentrations of CO 2 are below 20% at 15 cm depth, grasses predominate 
and P.  arenastrum is not observed (0-25 m and 40 – 60 m) although other dicotyledonous plants are present. These 
results can be compared to observations from the naturally occurring CO2 gas ven t site at Latera, Italy [5] where 
only grasses were observed when concentrations of CO2 were between 5 - 40% at 10 cm depth. Indeed, 
dicotyledonous plants did not appear to be able to tolerate CO2 concentrations over 5% at this site. Other 
observations at a controlled injection site in an English pasture [13] also suggested that grasses were more tolerant to 
higher concentrations of CO2 than dicotyledonous plants. The observation of a dicotyledonous plant as a 
bioindicator of increased soil gas CO2 is there fore unexpected and also demonstrates that botanical changes are site 
specific with other factors such as soil moisture, pH influencing plant ecology. However, monocotyledonous plants 
to appear, in general, to be more tolerant to increased soil gas CO2. 
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Figure 3 : Effect of CO2 emissions on the distribution of  different botanical species/groups along the transect over  
the CO2 vent (centre at approx. 30-35 m).  
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Microbial community composition and activities  
 
The determination of environmentally important microbial activities in the soil samples showed significant 
differences between the CO2-rich (>90 % of soil gas), the  medium CO 2 (20%) and the control site with background 
CO2 concentrations. To study this in more detail, potential rates of sulfate redu ction as well as methane production 
and its oxidation were determined in sediment samples from the different sites  (Methods as described in [14,15]). 
These rate measurements with samples from seep and non -seep sites should also provide first information on the 
influence of elevated carbon dixiode concentrations on selected microbial populations.  
Potential methane production rates without substrate addition in the sediment samples from 10 -20 cm depth were 
with 0.33 ± 0.007 μmol CH4 gdw
-1 d-1 much higher at the vent centre (36 m) than in the control site (55 m) sampl es 
with 0.12 ± 0.002 μmol CH 4 g dw
-1 d -1. For methane oxidation under aerobic conditions the opposite picture was 
obtained, with higher rates around 5.4 ± 0.42 μmol CH4 gdw
-1 d-1 at the control and 2.2 ± 0. 35 μmol CH4 gdw
-1 d-1 the 
intermediate CO2 site  (14 m) compared to the centre with 0 .4 ± 0. 11 μmol CH4 g dw
-1 d -1. Remarkably, aerobic 
methane oxidation acitivity was found even in sediment samples down to 1.5 m depths with an identical pattern 
(data not shown). This points towards a methane supply for the methanotrophic bacteria from deeper sources , which 
could be found in the deepest oxygen-poor, organic deposits of the soil column and trace back  to the limnic 
evolution of the study site. 
Sulfate reduction rates were relativel y high, between 1.5 to 2.2 μmol gdw
-1 d-1 in the samples from the centre of the 
vent, with the highest activity observed in deeper sediment layers below 50 cm depth, thus explaining the occasional 
smell of H2S detected during sampling. Interestingly, sulphate reduction was also detect ed in deeper samples from 
the control site, albeit at a much reduced rate . The sources of sulfate and substrates for the sulfate -reducing bacteria 
is yet  to be determined, but might be originating from underground water streams or the degradation of organic 
material from lake sediment deposits . 
 
In accordance with the microbial activities, also total numbers of microorganisms showed significant differences 
between the sites. Cell numbers of Bacteria  determined using quantitative PCR (qPCR, [16]) were highest at the 
control site and substantially lower at the vent. The values decreased from 9.6 x 10 9 to 8.7 x 10 8 gene copies gdw
-1 of 
soil in the vent centre and control site, respectively. For Archaea in contrast, the values increased from control site 
towards the centre, with 7.7 x 106 and 6.5 x 107 gene copies gdw
-1 of soil. One explanation for the observed changes 
in the community composition might be the replacement o f oxygen in the soil gas with CO2, leading to first 
microaerobic and then anaerobic conditions. This would thus favour e.g. methane-producing Archaea or sulphate -
reducing bacteria. To analyse this in more detail, currently g roup -specific qPCR assays are carried out to reveal, 
whether cer tain functional groups, like the methane oxidising or sulphate reducing bacteria, were absent or 
stimulated at the CO2-rich sites.   
As an environmentally relevant metabolic group of microorganisms, the diversity of nitrate and nitrite reducing 
bacteri a was determin ed along two soil profiles using functional genes for nitrate and nitrite reduction. Comparison 
of the structure of the nitrate and nitrite reducing bacterial community was performed on soils sampled in zones with 
different CO 2 content. DGGE (Denaturing Gradient Gel Electrophoresis, a fingerpprinting method) profiles showed 
specific community structures as a function of soil CO2 content and physico -chemical parameters.  
Genes nirK and nirS, specific to nitrite-reducing bacteria, were targeted with the primer pairs F1aCu/R3Cu  and 
nirSCd3aF/nirSR3cd  [17], respectively. Gene fingerprints were obtained by DGGE on a 30% -70% denaturant 
gradient.  DGGE fingerprints of nirK and nirS genes are presented in relation with soil CO2 cont ent. Surprisingly, 
narG genes specific to nitrate-reducing bacteria could not be amplified in this study; as these bacteria are certainly 
present in the studied soils, more efforts have to be carried on to look for these genes and their fingerprints.The 
lowest nirK gene diversity w as found from soil K containing 90% of CO2 (Figure 4).  The two -band profile of soil K 
was common to all soils containing more than 25% of CO 2. These two bands may thus represent specific nitrite -
reducing bacteria favored by high CO 2 levels in soils . nirS g enes were not detected in soils containing more than 
50% of CO 2 (soils E, F and K). Nitrite reducers carrying this gene may thus not be present in these conditions. nirS  
gene fingerprints were not correlated to soil CO 2 content. Based on these results, nirK genes appeared more 
appropriate to target shifts correlated to soil CO2 content. They suggest the occurrence of specific genes (bacteria) at 
high CO2 levels, but this observation has to be confirmed on more samples.  
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Figure 4: Changes in the communi ty composition of nitrate- and nitrite -reducing microorganisms along the Laacher 
See soil profile , as determined with DGGE analysis : 0m (A), 8 m (B), 12 m (C), 48 m (D), 64 m (E), 72 
m (F), 80 m  (G), 96 m (H), 104 m (I), 120 m (J).  
 
 
 
Conclusions 
 
CO2 gas  fluxes into the Laacher See are roughly estimated  in the range of about 5,000 tons of CO2 per year  [18]. 
Since degassing of Laacher See occurs rather regularly in every winter, hazardous accumulation of CO2 in Laacher 
See seems unlikely.  Locally, CO2 gas leakage occurs permanently. Our results indicate that the effects of the gas 
vent are spatially limited. Nevertheless, significant effects of high CO2 concentrations were observed on the 
ecosystem. The ecosystem appears to have adapted to the different con ditions through species substitution or 
adaptation, showing a shift towards anaerobic and acidophilic species under elevated CO2 concentrations.  Future 
activities will include an extensive investigation campaign with gas, water and sediment sampling  both for the 
Laacher See and carbonic springs nearby . At the end, this study should identify possible candidates in the botanical 
and microbial kingdoms, whose presence or absence provide easily detectable indicators for the leakage of CO2 
from deep reservoirs into near -surface terrestrial ecosystems. 
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